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(57) A timing and frequency offset estinnatlon meth- 
od for OFDM use an analytic tone in calculating timing 
offset estimation and a frequency offset estimation. An 
analytic tone includes a signal that contains only one 
subcarrier and has characteristics of a unlfonn magni- 
tude and a uniform phase rotation. The estimation algo- 
rithm with an analytic tone is based correlation function. 



By changing the interval between two samples In corre- 
lation, the maximum estimation range for the frequency 
offset can be extended to ±N/2 subcarrier spacing, 
where N is the number of total subcarriers. Thus, the 
frequency synchronization scheme for OFDM systems 
has a wider range and a more simple complexity than 
traditional ones requiring separate fine and coarse syn- 
chronization. 
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Description 

[0001] The present invention relates to a system and method for using an analytic tone to calculate the timing offset 
and frequency offset estimations in an orthogonal frequency division multiplexing (OFDM) system. 

5 [0002] A prior art multiplexing method known as OFDM (Orthogonal Frequency Division Multiplexing) has been ap- 
plied extensively to high data rate digital transmission, such as digital audio/TV broadcasting and wireless LANs. Prior 
art OFDM receivers must work properly under varying conditions such as speed, temperature and humidity at a rea- 
sonable cost. Since demodulation is sensitive to frequency deviations, and because frequency deviations with respect 
to the suppressed carrier will result in a shift in the received spectrum, a need exists to control the frequency deviations. 

10 In the prior art OFDM systems, fast Fourier transfonn (FFT) techniques have been used to determine the frequency 
deviation. 

[0003] Because the above-described prior art OFDM technique Is very sensitive to varying conditions and synchro- 
nization errors, a prior art method for frequency synchronization of OFDM systems has been proposed that includes 
a two-step process consisting of coarse synchronization and fine synchronization. Coarse synchronization compen- 

15 sates for a frequency offset of an integer number of the subcarrier spacing, while fine synchronization corrects for a 
frequency offset smaller than one-half of the subcarrier spacing. The coarse synchronization and the fine synchroni- 
zation must be performed separately for the prior art frequency synchronization, because the maximum estimation 
range of the fine synchronization is one-half of subcarrier spacing. Examples of prior art algorithms for coarse syn- 
chronization include GIB (Guard Interval Based) and PB (Pilots Based). 

20 [0004] Coarse synchronization can be accomplished by comparing the position of the received spectral lines with 
the initial reference peak positions (i.e., expected positions). Coarse synchronization provides an accuracy of 0,6 of 
the frequency spacing of the data carriers. However, various leakage components (e.g., unwanted harmonics) are 
generated when the FFT window does not fit with an integer number of periods of the received signal. Consequently, 
fine synchronization is required to compensate for that problem, thus requiring both coarse and fine synchronization 

25 to solve the aforementioned problems. 

[0005] In Timothy M. SchmidI and Donald C. Cox, "Robust Frequency and Timing Synchronization for OFDM," IEEE 
Trans, on Communication, Vol. 45, No. 12, pp.1 613-1621 , December 1 997, the contents of which is incorporated herein 
by reference, SchmidI and Cox propose a prior art OFDM symbol for synchronization which repeats an identical pattern 
twice in a single OFDM symbol to increase the estimation range by one subcarrier spacing. Further, IEEE, Supplement 

30 to Standard for Telecommunications and Infonnatjon Exchange Between Systems-LAN/MAN Specific Requirements- 
Part 11: Wireless MAC and PHY Specifications: High Speed Physical Layer in the 5-GHz Band, P802.11 a/D7.0, July 
1999, the contents of which is also incorporated herein by reference, defines the training OFDM symbol such that the 
repetition period Is ^^ of the useful data interval, which increases the subcarrier spacing by a factor of two. However, 
a two-step synchronization process (i.e., coarse synchronization and fine synchronization) is still required. 

35 [0006] The above-described two-step synchronization sequence requires a two-symbof training sequence, usually 
at the beginning of a frame. Each symbol is preceded by a guard interval for dealing with multipath effects, and each 
frame begins with a number of system symbols, including a zero symbol used for frame synchronization and to deter- 
mine channel properties, and a training symbol for initial phase reference. 

[0007] The symbol/frame timing is found by searching for a symbol, where the first half is identical to the second half 
40 in the time domain. Then, the carrier frequency offset is corrected according to the prior art coarse and fine frequency 
synchronization. As noted above, two symbols are required in the prior art system to estimation the frequency offset, 
and each symbol has two halves, with a portion of each training symbol copied from the first half to the second half, 
as illustrated in Figure 8. 

[0008] Figure 8 illustrates a signal architecture for a wireless local area network (WLAN) according to the prior art 
45 OFDM system, according to the IEEE Supplement. A guard interval G1 , G3, G4, G5 is provided at the beginning 
of each training symbol R1 , R2; R3, R4 and data symbol D1 . The first training symbol R1 is used for signal detection 
and gain control, the second training symbol R2 is used for fine and coarse frequency synchronization, the third training 
symbol R3 is used for timing synchronization and the fourth training symbol R4 is used for channel estimation. Then, 
the data symbols D1 follow. For example, in each of the symbols, the guard interval is N/4, where N=64, such that the 
50 length of the guard symbol is 16. For the first and second training symbols, the pattern will repeat 10 times, in the 
manner as noted above and in SchmidI and Cox. 

[0009] Figure 9 illustrates a second prior art data structure according to T Keller and L. Hanzo, Orthogonal Frequency 
Division Multiplexing Synchronization Techniques for Wireless Local Area Networks," Proc. Of PIMRC '96, pp. 963-967, 
1996, which is incorporated herein by reference. A null symbol NO having no signal is provided as the first symbol, and 
55 is followed by a first training symbol R1 for timing and coarse and fine frequency synchronization, followed by a second 
training symbol R2 for channel estimation, and then the data symbols D1 . A guard interval G is provided atthe beginning 
of each of the data symbols and the second training symbol. However, the null symbol NO and the first training R1 
symbol do not have a guard interval G. 
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[0010] Figure 10 Illustrates a prior art OFDM system transmitter and receiver for the prior art data architectures 
Illustrated In Figure 8 and Figure 9. Fine synchronization occurs before FFT at B, and coarse synchronization occurs 
after FFT at A. After fine synchronization occurs at B, the guard interval G Is removed from each symbol by counting 

to detect each symbol's starting point, and the remaining symbols without the guard interval are subjected to a serial 
5 to parallel converter, and then the FFT. Next, the symbols go through coarse frequency synchronization at A, and are 
further processed to yield a serial data output at the receiver 

[001 1] Figure 1 1 illustrates the timing and fine frequency offset estimation of the prior art OFDM system at B of Figure 
1 0. After an analog-to-digltal conversion (ADC) 51 , a frequency offset for the fine synchronization is accomplished by 
a delayer 53 and conjugator 55 mixed with the output ADC signal at a mixer 57. A moving sum 59 is then calculated 
10 and output to the frequency offset calculator 61 and timing offset calculator 63. The maximum value of the timing offset 
is then detected, and the frequency offset is calculated in accordance with the timing offset estimation. However, ad- 
ditional coarse synchronization is required In the prior art OFDM system after the timing and frequency offset have 
been estimated In the fine synchronization, as illustrated in Figure 10 at A. 

[001 2] The prior art O FDM system and method has various problems and disadvantages . For example, the estimation 
15 ranges are insufficient to overcome the need for both the coarse and fine synchronization steps. Further, the prior art 
OFDM system must process all of the subcarriers for timing and frequency synchronization. As noted above, both 
coarse and fine synchronization are required to synchronize the frequency. Further, the timing offset estimation depends 
on the frequency offset estimation. 

[0013] The prior art OFDM system must also repeat the same pattern twice in one OFDM symbol to increase the 
20 estimation range by 1 subcarrier spacing. For example, Ya. of the useful data interval is required to increase subcarrier 
spacing by 2. However, these estimation ranges are also insufficient to overcome the need for both the coarse and 
fine synchronization steps. Increasing the interval has the additional disadvantage of decreasing sum length and ac- 
cordingly, decreasing performance. 

[001 4] It is an aim of embodiments of the present invention to overcome the problems and disadvantages of the prior 
25 art. 

[0015] It is another aim of embodiments of the present invention to eliminate the need for coarse synchronization in 
a frequency synchronization process, and simplify the mathematical calculations required to calculate the frequency 
offset estimation. 

[0016] It is still another aim of embodiments of the present invention to calculate the timing offset estimation Inde- 

30 pendentiy of the frequency offset estimation. 

[0017] It is yet another aim of embodiments of the present invention to perform frequency synchronization using an 
analytic signal as a training symbol positioned in a single subcarrier of the overhead portion of a data packet. 
[0018] According to a first aspect of the Invention, a system for estimating frequency offset in an orthogonal frequency- 
division multiplexing (OFDM) system is provided, comprising a sliding window correlation summing device that receives 

35 an input in accordance with a reference symbol and generates a sliding window correlation sum, and a frequency offset 
estimatorthat is coupled to said sliding window correlation summing device and receives said sliding window correlation 
sum and calculates a frequency offset estimation in accordance with a timing offset estimation, wherein said reference 
symbol comprises an analytic tone located in only one subchannel of said reference symbol. 

[001 9] The system may further comprise a timing offset estimator that receives said input and generates said timing 

40 offset estimation independent of said frequency offset estimation. 

[0020] Said timing offset estimator may comprise a first delayer that delays said input in accordance with a first 
interval and a second interval, and generates a first delayed output; a second delayer that is coupled to said first delayer 
and delays said first delayed output in accordance with said first Interval to generate a second delayed output; a con- 
jugator that is coupled to said second delayer and performs a first operation on said second delayed output to generate 

45 a conjugated output; a mixerthat Is coupled to said conjugator and said first delayer and mixes said conjugated output 
and said first delayed output to generate a mixer output; a timing offset calculator coupled to said mixer and calculating 
a plurality of timing offset estimations in response to said mixer output; and a maximum value detector that is coupled 
to said timing offset calculator, detects a maximum value of said plurality of timing offset calculations from said timing 
offset calculator, and outputs said timing offset estimation. 

50 [0021] Preferably, said first interval and said second interval have different values, said first interval is a timing offset 
estimation interval and said second interval is a frequency offset estimation interval. 

[0022] Preferably, said timing offset calculator calculates said plurality of timing offset estimations for (N+G-al ) sam- 
ples, wherein N represents a total number of subcarriers, G represents a guard interval length, and a1 represents a 
timing offset estimation interval. 
55 [0023] Preferably, said timing offset estimation is calculated by selecting a maximum value for the samples for which 
a second operation comprising 
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is performed by said timing offset calculator for each of said samples. 

[0024] Preferably, said sliding window correlation summing device comprising: a first delayer that delays said input 
signal in accordance with a frequency offset estimation interval to generate a first delayed output; a conju gator that 
perfomns a first operation on said first delayed output to generate a conjugated output; and a mixer that mixes said 

10 conjugated output and said input signal to generate a mixer output. 

[0025] Preferably, (N-a2) samples are generated in a moving sum in accordance with said mixer output, and N 
represents a total number of subcarriers and a2 represents a frequency offset estimation interval. 
[0026] Preferably, said frequency offset estimator comprises an analytic tone-phase compensation device that re- 
ceives said sliding window correlation sum and performs a phase compensation operation to a generate a phase- 

15 compensated output; and a frequency offset estimation calculator coupled to said analytic tone-phase compensation 
device and receiving said phase-compensated output and calculates said frequency offset estimation. 
[0027] Said frequency offset estimation calculator may comprise a first calculator that performs a first operation to 
generate a first calculated output; and a second calculator that receives said first calculated output and generates said 
frequency offset estimation. 

20 [0028] Said first operation preferably comprises calculating 

25 

and said frequency offset estimation comprises multiplying said first calculated output by M/ZUa, wherein N is a number 
of total subcarriers and a is a number of samples. 

[0029] The system may further comprise a switch that outputs said frequency offset estimation in accordance with 
30 said timing offset estimation. 

[0030] Preferably, an estimation range of said system can be extended by adjusting a correlation Interval between 
samples. 

[0031] Preferably, said analytic tone has at least one of a uniform magnitude and a uniform phase rotation, and no 
coarse synchronization is required. 
35 [0032] Preferably, said frequency offset estimation is less than or equal to (N/2a), wherein N represents a number 
of subcarriers and a represents a number of samples. 

[0033] Preferably, a maximum estimation range of the estimation is determined in accordance with said number of 
samples. 

[0034] Preferably, said maximum estimation range is ±32 subcarrier spacing when N has a value equal to 1 . 

40 [0035] Another system for estimating frequency offset in an orthogonal frequency-division multiplexing (OFDM) sys- 
tem is provided, comprising a sliding window correlation summing device that receives an input in accordance with a 
symbol and generates a sliding window correlation sum, and a frequency offset estimator coup led to said sliding window 
correlation summing device and receiving said sliding window correlation sum and calculates a frequency offset esti- 
mation in accordance with a timing offset estimation. The frequency offset estimator preferably comprises an analytic 

45 tone-phase compensation device that receives said sliding window correlation sum and performs a phase compensa- 
tion operation to a generate a phase-compensated output, and a frequency offset estimation calculator that receives 
that said phase-compensation output and calculates said frequency offset estimation, wherein an analytic tone is used 
in a correlation function. The system may also comprise a timing offset estimator that receives said input signal and 
generates said timing offset estimation independent of said frequency offset estimation, wherein an estimation range 

50 can be extended by adjusting a correlation interval between samples, said analytic tone may have at least one of a 
unifonn magnitude and a uniform phase rotation, and no coarse synchronization is required. 

[0036] In another aspect, there is provided a system for estimating frequency offset in an orthogonal frequency- 
division multiplexing (OFDM) system, comprising: a sliding window correlation summing device that receives an input 
and generates a sliding window correlation sum in accordance with a symbol; a frequency offset estimator coupled to 
55 said sliding window correlation summing device and receiving said sliding window correlation sum and calculates a 
frequency offset estimation in accordance with a timing offset estimation, said frequency offset estimator comprising, 
an analytic tone-phase compensation device that receives said sliding window correlation sum and performs a phase 
compensation operation to a generate a phase-compensated output, and a frequency offset estimation calculator that 
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receives that said phase-compensation output and calculates said frequency offset estimation, wherein an analytic 
tone is used In a correlation function; and a timing offset estimator that receives said input signal and generates said 
timing offset estimation independent of said frequency offset estimation, wherein an estimation range can be extended 
by adjusting a correlation interval between samples, said analytic tone has at least one of a uniform magnitude and a 

5 unifomn phase rotation, and no coarse synchronization is required. 

[0037] Additionally, a system for estimating frequency offset in an orthogonal frequency-division multiplexing (OFDM) 
system is provided, comprising a sliding window correlation summing device that receives an input In accordance with 
a training symbol and generates a sliding window correlation sum, and a frequency offset estimator that is coupled to 
said sliding window correlation summing device and receives said sliding window correlation sum to calculate a fre- 

10 quency offset estimation in accordance with a timing offset estimation, wherein an analytic tone is used in a correlation 
function. 

[0038] The system may further comprise a timing offset estimator that receives said Input and generates said timing 
offset estimation independent of said frequency offset estimation, comprising: a first delayer that delays said input in 
accordance with a first interval and a second interval to generate a first delayed output; a second delayer coupled to 

15 said first delayer and delaying said first delayed output in accordance with said first interval to generate a second 
delayed output; a conjugator coupled to said second delayer and perfonning a calculation on said second delayed 
output to generate a conjugated output; a mixer coupled to said conjugator and said first delayer and adding said 
conjugated output and said first delayed output to generate a sum; a timing offset calculator coupled to said mixer and 
calculating a plurality of timing offset estimations in response to said sum; and a maximum value detector coupled to 

20 said timing offset calculator and selecting a maximum value from said plurality of timing offset estimators to output said 
timing offset estimation. 

[0039] In another aspect, there is provided a method for frequency offset estimation, comprising the steps of: (a) 
detecting an analytic tone located on only one subcan^ier of a reference symbol of an input signal; (b) generating a 
sliding window correlation sum in accordance with said analytic tone; and (c) calculating a frequency offset estimation 

25 of said sliding window correlation sum. 

[0040] Preferably, a further step of generating said timing offset estimation independently of said frequency offset 
estimation comprises: (a) delaying said input signal in accordance with a first interval and a second interval to generate 
a first delayed output; (b) delaying said first delayed output in accordance with said first interval to generate a second 
delayed output; (c) performing an operation on said second delayed output to generate a conjugated output; (d) mixing 

30 said conjugated output and said first delayed output to generate a mixed output; (e) producing a plurality of timing 
offset estimations for a corresponding plurality of samples in response to said mixed output; and (f) detecting a maximum 
value of said plurality of timing offset calculations to output said timing offset estimation. 

[0041] The method may further comprise: (a) generating said first Interval as a timing estimation interval; and (b) 
generating said second interval as a frequency offset estimation interval. 
35 [0042] Said producing step may comprise producing said plurality of timing offset estimations for (N+G-a1 ) samples, 
wherein N represents a total number of subcarriers, G represents a guard interval length, and a1 represents a timing 
offset estimation interval. 

[0043] Said detecting step may comprise selecting a maximum value for the samples for which said producing step 
comprises performing an operation comprising 



on each of said samples. 

[0044] Said step (b) may comprise delaying said input signal in accordance with a frequency offset interval to generate 
a first delayed output; performing an operation on said first delayed output to generate a conjugated output; and mixing 
said conjugated output and said input signal to generate a mixed output. 

50 [0045] The method may comprise generating (N-a2) samples in a moving sum in accordance with said mixed output, 
wherein N represents a total number of subcarriers and a2 represents a frequency offset estimation internal. 
[0046] Said calculating step may comprise perfomning a phase compensation operation on said sliding window cor- 
relation sum to generate a phase-compensated output; and receiving said phase-compensated output and calculating 
said frequency offset estimation. 

55 [0047] Said calculating step may comprise perfonning an operation to generate a calculated output; and receiving 
said calculated output and generating said frequency offset estimation. Preferably, performing said operation comprises 
calculating 
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and estimating said frequency offset comprises multiplying said first calculated output by N/2na, wherein N Is a number 
of total subcarriers and a is a number of samples. 

[0048] The method may further comprise extending an estimation range by adjusting a correlation interval between 

samples. 

10 [0049] Preferably, said analytic tone is generated to have at least one of a uniform magnitude and a uniform phase 
rotation. 

[0050] Preferably, said frequency offset estimation Is less than or equal to (N/2a), wherein N represents a number 
of subcarriers and a represents a number of samples. 

[0051] The method may further comprise changing a maximum estimation range of the estimation in accordance 

^5 with said number of samples. 

[0052] Further, a method for frequency offset estimation Is provided, comprising the steps of (a) generating an analytic 
tone located on only one subcarrier of a training symbol in accordance with an input, (b) generating a sliding window 
correlation sum in accordance with said analytic tone, and (c) calculating a frequency offset estimation of said sliding 
window correlation sum in accordance with a timing offset estimation, wherein a correlation interval Is adjusted such 

20 that no coarse synchronization is required. 

[0053] Also, a method for frequency offset estimation Is provided, comprising the steps of (a) generating an analytic 
tone located on only one subcarrier of a training symbol In accordance with an Input, and (b) generating a sliding 
window correlation sum in accordance with said analytic tone. Said step (b) comprises delaying said Input in accordance 
with a frequency offset Interval to generate a first delayed output, performing an operation on said first delayed output 

25 to generate a conjugated output, and mixing said conjugated output and said input signal to generate a mixed output, 
[0054] Further, the method may comprise calculating a frequency offset estimation of said sliding window correlation 
sum in accordance with a timing offset estimation, said calculating step comprising, (a) performing a phase compen- 
sation operation on said sliding window correlation sum to generate a phase-compensated output, (b) performing a 
first mathematical operation to generate a first calculated output, and (c) receiving said first calculated output and 

50 generating said frequency offset estimation. Additionally, the method may comprise extending an estimation range by 
adjusting a correlation Interval between samples, wherein a correlation interval is adjusted such that no coarse tuning 
is required. 

[0055] For a better understanding of the Invention, and to show how embodiments of the same may be carried into 
effect, reference will now be made, by way of example, to the accompanying diagrammatic drawings in which: 

35 

Figure 1 (a) illustrates a sample input value for complex and real numbers for an analytic tone according to the 
preferred embodiment of the present invention; 

Figure 1 (b) illustrates a sample train of successive outputs and sample Indices for the analytic tone according to 
40 the preferred embodiment of the present invention; 

Figure 1(c) illustrates a magnitude diagram of the analytic tone according to the preferred embodiment of the 
present invention; 

45 Figure 1 (d) illustrates a phase diagram of the analytic tone according to the preferred embodiment of the present 

Invention; 

Figure 2 illustrates a block diagram of an apparatus for calculating a timing offset estimation and a frequency offset 
estimation according to the preferred embodiment of the present invention; 

50 

Figure 3 illustrates a detailed diagram of the apparatus for calculating the timing offset estimation and the frequency 
offset estimation according to the preferred embodiment of the present invention; 

Figure 4 Illustrates a method of calculating the timing offset estimation and the frequency offset estimation accord- 
55 jng to the preferred embodiment of the present Invention; 

Figures 5(a)-5(c) illustrate graphical representations of simulation results for the performance of timing offset es- 
timation according to the preferred embodiment Qf the present invention; 
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Figures 6(a)-6(e) illustrate graphical representations of simulation results for the performance of frequency offset 
estimation according to the preferred embodiment of the present invention; 

Figures 7(a) and 7(b) illustrate data structures according to the preferred embodiment of the present invention; 

5 

Figure 8 illustrates a first data structure according to the prior art; 

Figure 9 illustrates a second data structure according to the prior art; 

10 Figure 10 illustrates a prior art reception and transmission system; and 

Figure 11 illustrates a prior art fine frequency synchronization and timing estimation system. 

[0056] Reference will now be made in detail to the preferred embodiment of the present invention, examples of which 
15 are illustrated in the accompanying drawings. In the present invention, the tenns are meant to have the definition 
provided in the specification, and are otherwise not limited by the specification. 

[0057] The preferred embodiment of the present invention uses an analytic signal as the training symbol for frame 
synchronization of the OFDM systems and the timing and frequency offset estimation algorithms. The analytic signal 
is a complex function having only positive or negative frequencies. Because the analytic signal only uses one subcarrier, 

20 it is hereafter referred to as an analytic tone. The analytic tone is generated easily by using inverse fast Fourier transform 
(IFFT), and has characteristics of uniform magnitude and fixed phase rotation, and depends on the frequency index 
used. Therefore, the analytic signal is not affected by various other factors (e.g., nonlinearity of amplifiers). Further, by 
changing the correlation interval of the product, the maximum estimation range for frequency offset can be extended 
to N/2 in a single step. Thus, the prior art need for a two-step synchronization process is eliminated. 

25 [0058] The preferred embodiment of the present invention applies the analytic tone to a training symbol for synchro- 
nization. Because the OFDM technique already uses IFFT/FFT, the analytic tone is easily generated. However, the 
present invention only uses one subcarrier for the analytic tone. Table 1 illustrates the Inputs of IFFT with 1 1 subcarriers 
to generate It. 

30 Table 1 . 



Inputs of IFFT for generation of an analytic tone. 


Sub-carrier index, k 


Input value, Xf^ 


Case 1 


Case 2 


Cases 


-5 


0+jO 


O+jO 


0+jO 


-4 


0-fjO 


O+jO 


O+jO 


- 3 


0+-jO 


0+jO 


0+jO 


-2 


0+jO 


0+jO 


0+jO 


- 1 


0+jO 


0+jO 


0+jO 


0 


0+jO 


0+jO 


0+jO 


1 




O+jO 


0+jO 


2 


0+jO 




0+jO 


3 


0+jO 


0+jO 


0+jO 


4 


0+jO 


0+jO 




5 


0+JO 


O+jO 


0+jO 



[0059] Case 1 in Table 1 uses the first subcarrier, which is modulated by + jO or -Jn~^ + jO for the analytic tone. 
Cases 2 and 3 respectively use the second and fourth subcarriers for the analytic tone. N^J represents the number of 
the subcarrier used in the OFDM symbols other than the analytic tone among a total of A/ subcarriers. For example, 
52 subcan^iers are used among total of 64 subcarriers. The average power of each subcarrier is power-normalized to 
a value of 1 , and the total power of one OFDM symbol becomes A/^. Thus, to mai<e the power of the training symbol 
which is the analytic tone equal to the power of the other OFDM symbols, the single subcarrier used in the analytic 
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tone is modulated by ±Jn^ + jO. 

[0060] Figures 1 (a)-1 (d) illustrate characteristics of the analytic tone according to the preferred embodiment of the 
present Invention. The training symbols carry out signal detection, automatic gain control, synchronization and channel 

estimation. Figure 1 (a) shows a example of the input complex value for the analytic tone of the preferred embodiment 
5 of the present invention. The symbols of "x" and in Figure 1(a) represent respective real and imaginary parts of 
each complex IFFT input. 

[0061] Figure 1(b) illustrates the sample train of successive three IFFT outputs that represent 3 training symbols. 
The sample indexes of the analytic tone are from 0 to 63, and the other samples represent typical OFDM symbols not 
having the analytic tone, in Figure 1 (b), the solid line and the dashed line represent the respective real and Imaginary 

10 parts of each sample based on the IFFT output. 

[0062] Figures 1 (c) and 1 (d) respectively illustrate the magnitude and the phase diagram of the training symbols of 
Figure 1(b). Figure 1(c) illustrates that the analytic tone has a uniform magnitude, A and Figure 1(d) illustrates that 
the analytic tone has a fixed phase rotation between the adjacent samples, <^^. The magnitude depends of the training 
symbols depends on the IFFT input, and the phase rotation depends on the subcarrier index of a tone. Equation (1) 

15 calculates the phase rotation beween the adjacent samples in the analytic tone : 

20 where b is the frequency index of the tone used. For example, if it? is 1 and N is 64 as illustrated in Figure 1 , becomes 
71/32 rad. 

[0063] Additionally, the complex product with two transmitted samples which the interval between the two samples 
is a samples, represented by Equation (2): 



25 



30 



35 



40 



50 



55 



where x„ is the rP^ sample of transmlted signal and * is the conjugate complex value. For example, if two samples are 
in the analytic tone, the result of product can be expressed by Equation (3): 

<1= 4^. = (3) 

Equation (3) shows that the result of the product is independent of the sample index, n. 

[0064] For the ri^^ received sample, z„, having a timing offset, 0 [samples] and a normalized frequency offset, e, 
Equation (4) shows that: 



^j2Ken/N^ (4) 



wherethenormalizedfrequency offset is the ratio of the frequency offset to the subcarrier spacing given by Equation (5): 

e = ^. (5) 

45 J sub 

[0065] Thus, the complex product with two received samples of which the Interval is a samples is represented by 
Equation (6): 



[0066] Similarly to Equation (3), if two samples are in the analytic tone, the result of product can be expressed by 
Equation (7): 
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Sn the receiver already has the information about the magnitude A and the compensation of phase 

oiesT 2LZrT"': T 'Tf f'"' '•■"'"""'^y ^ ^'"9'^ ^'^P -'"9 1*^- Characteristic.' 

[0068] The preferred embodiment of the present Invention Includes an algorithm that uses the above-described an 

tZaZ t T'f """^ ^'^'^^ '"'^ ^'^^ '^^'^"^"'^y Offset estimation. The methodrcaSng the 

timing offset estimation usmg the power (or magnitude) of the sum of Equation (7) is given by Equation (8^ 



* |yV+G-a-| 



5 ^^H 



(8) 



75 



20 



Where G is the length of the guard inten/al and - means that the function is an estimation. Because the algorithm uses 
the suT" " " '"''"""'^ '"^--^^^'"S ^'^^ °f « decreases th?Sh Of 

S in Equalfon^JSr """^ °' °^ 



25 



35 



40 



45 



2na 1 55 "9«+i^J • 



(9) 



S F,!rth°''^ ^^''"i^ting the frequency offset, the timing offset § and compensation of phase rotation, e'-*. are re- 
quired. Further, c is an integer value less than the length of the guard interval G The effect of the ISIf nter Svmhni 

so rg:^"!nt:r ^^^^"^"^^^ '^'''^'^ ^^^^^ - SaTtSSirtr^^^^^^ 

[0071] The estimation range depends on the interval a between a pair of signals. For example when a is N/2 samoles 
Which IS about one-half of the useful data Inten^al. the maximum estimation range equals ±1 s^bcar^r ^LlnXd 
when a is 1 sample, the maximum estimation range equals ±NJ2 subcarrier spacing according to E^uSion (1 0) 



^^'^ra- (10) 



The Interval a between the pair for the timing offset and the frequency offset estimation may have different values a1 
a2 instead of a substantially same interval, a. Qinereni values a 7, 

PmhoL!?,"?,? ^" apparatus for calculating the frequency offset estimation according to a first preferred 

Tnout 1 n ? ""'"T ^"«'°g-t°-d'9it«' '=°nverter (ADC) 1 receives an input signal and convertsThe 

om the ADcTr/" ' t""" '° ' ^"''"^ "'"^"'^ summing device 3 receives a sfgnal 

Z^Tr. K ^ f "^^^'^^ ^" °"tput received by a frequency offset estimator/analytic tone-phase compensation 
device 5, whrch calculates the frequency offset estimation ^ in accordance with the an^ic tone A timing offset JS" 

a.fZl o tH T"^' ''^''^^ ^"'^ '^^"^"'^^^^ ^'^^ ^'-^'"9 °ff««t ^-«i^«tion G independently onhl cal- 

iaSc rsuch'rtThT'*"'""^^^ 

p73] Figure 3 illustrates a more detailed diagram of the apparatus for calculating the frequency offset e^^imarn 

[0074] The sliding window correlation summing device 3 of Figure 2 Is illustrated in Figure 3 as a delayer 11 and a 
conjugator 13 coupled to each other in series, and in parallel between an output of the ADC 1 Ld a mLer i/^^^^ 
mixer 14 sums the real number output of the ADC 1 with the delayed, conjugated (I.e., comp^ outut of t^^^^^ 
to generate a shding window correlation. The frequency offset estimation g interval discussed aSe Kid F^rthe 
55 a moving sum device 27 calculates a moving sum for (N-a2) samples ^'^ 

"^r^ frequency offset estimator/analytic tone-phase compensation device 5 includes an analytic tone-ohase 

the moZ '°h' " "^°^'"9 ^""^ '^^^''^^ -^'^^^^^ ^^^^'Phase compeSor 29 receives 

the moving sum and provides phase compensation. The frequency offset estimation calculator 33 includes a r^X 
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.atica, operator 31 coupled to an output of the analytic tone-phase cor^pensator 29 that generates a mathematical 
output that corresponds to 

« . ^i^Miotr^r whirh calculates the ffequency offset estimatiop £ accordipg to 

15 and the conjugator 19. o^ whirh ralrulates a movinq sum for (N+G- 

10077] An output of the mixer 20 is received in a 7;'"9j;;;3^^^',7^^ Equation (8), 

a1) samples, and sends an output to a mathematK^al °P«'^^^°; ^S^wh ch ca^^ P ^^^^^ ^^^^^ 

An output of the mathematical calculator is received ,n ^"^^^"^''^j;^^^^'^^^^^^ to a switch 9, such 

generate a timing offset e^i-ation e. The m^^^^ ,„33, ,3,,3tion e. 

that the frequency offset estimation e is calculated m a single step ana in ^ according to the 

[0078] Figure 4 illustrates a method of calculating *e frequency offset ^^^^^ ^J^J ^J'^^'^nput is received 
preferred embodiment of the present invention .llus rated F'9"^f 3^'^^^^ s2 S3 the sliding window 

in the ADC 1 , and a digitized output is generated, ^n simultaneous ^^^^ f ^^^J,^ of the timfng offset 

correlation sum and the timing offset estimation ^^l^^'^^^f^^^J^^^^^ the (a1) samples 

estimation 9 may require delaying by an interval of (a1 -a2), ^J. 'J 20 A moving sum is then cal- 

such that the first and second delayed, conjugated ^^'^P^^^^^Y^'^.^^^J^ (8 such that the maximum value is 
culated and a mathematical operation perfonned in accordance with Ec^uation (8), 

detected and outputted for calculation of the J.^^*l";^'73j3_ 32 may require delaying and conjugating 

rSsa^errchTar;:;:^ 

being processed by the mixer 14, a moving sum the outputs of thesecond 

Hgur. 5lb) sho«. the probability dl.lrlbulion ol the estmated mng for a, 2 „a 2 wmple. 

10 20 artd 30dB the ratrge lor whloh the concehtraled probalj.lity is more than 99 A. i"""""" f °; " 
10, 20 and JUdR the a estimatloh perfoirrrahce innproues slighUf. 

samples, respectively, at SNRs of 0 ana luae. me Jltimation ranae becomes ±32 subcarrier spacing. 

Equation (10), For example, when is 1 sample, the maximum e^tima^io" range be^ ^ 
Figure 6(b) (c) and (d) illustrate RMS frequency error vs. frequency offset estimation e tor intervals 
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samples. When the Interval length decreases, the estimation range Increases. However, the RMS error increases due 
to phase resolution. Figure 6(e) shows RMS frequency error vs. SNR. 

[0086] Figures 7(a) and 7(b) illustrate a data structures according to the preferred embodiment of the present inven- 
tion, In the first data structure illustrated in Figure 7(a), A first training symbol R1 is provided for signal detection and 
5 gain control, and a second training symbol R2, including a guard interval G, is provided for carrying out the frequency 
and timing estimation according to the preferred embodiment of the present Invention. A third training symbol R3 is 
provided for channel estimation, followed by data symbols D1 , D2. 

[0087] In a second data structure illustrated in Figure 7(b), the first training symbol R1 is used for signal detection, 
gain control and frequency and timing synchronization. A second training symbol R2 is provided for channel estimation, 

10 followed by data symbols D1 , D2. 

[0088] Because the receiver keeps tracking the residual frequency offset by using prior art GIB or PB algorithm during 
processing of data OFDM symbols, the estimation error at the analytic tone must be less than one-half of the subcarrier 
spacing. However, for rapid correction of the residual frequency offset before the data symbol, the residual frequency 
offset is less than 0.1 of the subcarrier spacing. Therefore, considering both the estimation range and RMS error, an 

15 Interval of 4 samples provides a proper estimation of the frequency offset, with a SNR greater than 1 0dB in the AWGN 
channel. 

[0089] The present invention has various advantages that overcome the prior art problems and disadvantages. For 
example, the present invention does not require the two-step prior art process that Includes the coarse synchronization 
step required in the prior art frequency synchronization process. Additionally, the complex mathematical calculation 

20 required to perfomi frequency synchronization is replaced by the simple processing of the analytic tone, which provides 
the advantage of reducing the complexity of required mathematical operations. Further, the preferred embodiment of 
the present invention eliminates the need for a frequency offset estimation 8 for calculation of the timing offset estimation 
G, such that the timing offset estimation G is calculated independently of the frequency offset estimation s. 
[0090] It will be apparent to those skilled In the art that various modifications and variations can be made to the 

25 described preferred embodiments of the present Invention without departing from the spirit or scope of the invention. 
Thus, it is intended that the present invention cover all modifications and variations of this invention consistent with 
the scope of the appended claims and their equivalents. 

[0091] The reader's attention is directed to all papers and documents which are filed concurrently with or previous 
to this specification in connection with this application and which are open to public inspection with this specification, 
30 and the contents of all such papers and documents are incorporated herein by reference. 

[0092] All of the features disclosed In this specification (Including any accompanying claims, abstract and drawings), 
and/or all of the steps of any method or process so disclosed, may be combined in any combination, except combina- 
tions where at least some of such features and/or steps are mutually exclusive. 

[0093] Each feature disclosed In this specification (including any accompanying claims, abstract and drawings), may 
35 be replaced by alternative features serving the same, equivalent or similar purpose, unless expressly stated otherwise. 
Thus, unless expressly stated othenwise, each feature disclosed is one example only of a generic series of equivalent 
or similar features. 

[0094] The Invention is not restricted to the details of the foregoing embodiment(s). The invention extend to any novel 
one, or any novel combination, of the features disclosed in this specification (including any accompanying claims, 
40 abstract and drawings), or to any novel one, or any novel combination, of the steps of any method or process so 
disclosed. 



Claims 

45 

1 . A system for estimating frequency offset in an orthogonal frequency-division multiplexing (OFDM) system, com- 
prising: 

a sliding window correlation summing device (3) that receives an input and generates a sliding window cor- 
50 relation sum in accordance with a reference symbol; and 

a frequency offset estimator (5) that is coupled to said sliding window correlation summing device (3) and 
f-eceives and processes said sliding window correlation sum to calculate a frequency offset estimation, wherein 
said reference symbol comprises an analytic tone located in only one subchannel of said reference symbol. 

55 

2. The system of claim 1 , further comprising a timing offset estimator (7) that receives said input and generates said 
timing offset estimation independent of said frequency offset estimation. 
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3, The system of claim 2, said timing offset estimator (7) comprising: 

a first delayer (1 5) that delays said input in accordance with a first interval and a second interval, and generates 
a first delayed output; 

5 

a second delayer (1 7) that Is coupled to said first delayer (1 5) and delays said first delayed output In accordance 
with said first interval to generate a second delayed output; 

a conjugator (19) that is coupled to said second delayer (17) and performs a first operation on said second 
10 delayed output to generate a conjugated output; 

a mixer (20) that is coupled to said conjugator (1 9) and said first delayer (15) and mixes said conjugated output 
and said first delayed output to generate a mixer output; 

15 a timing offset calculator (21 ) coupled to said mixer (20) and calculating a plurality of timing offset estimations 

in response to said mixer output; and 

a maximum value detector (23, 25) that Is coupled to said timing offset calculator (21), detects a maximum 
value of said plurality of timing offset calculations from said timing offset calculator (21), and outputs said 
20 timing offset estimation. 

4. The system of claim 3, wherein said first Interval and said second interval have different values, said first interval 
is a timing offset estimation Interval and said second interval is a frequency offset estimation interval. 

25 5. The system of claim 3, wherein said timing offset calculator (21 ) calculates said plurality of timing offset estimations 
for (N+G-a1) samples, wherein N represents a total number of subcarrlers, G represents a guard Interval length, 
and a1 represents a timing offset estimation interval. 

6. The system of claim 3, wherein said timing offset estimation Is calculated by selecting a maximum value for the 
30 samples for which a second operation comprising 



35 



is perfonned by said timing offset calculator for each of said samples. 

7. The system of any preceding claim, said sliding window correlation summing device (3) comprising: 

40 

a first delayer (11) that delays said input signal in accordance with a frequency offset estimation interval to 
generate a first delayed output; 

a conjugator (13) that performs a first operation on said first delayed output to generate a conjugated output; 
45 and 

a mixer (14) that mixes said conjugated output and said input signal to generate a mixer output. 

8. The system of claim 7, wherein (N-a2) samples are generated in a moving sum in accordance with said mixer 
50 output, and N represents a total number of subcarrlers and a2 represents a frequency offset estimation interval. 

9. The system of any preceding claim, said frequency offset estimator (5) comprising: 

an analytic tone-phase compensation device (27, 29) that receives said sliding window correlation sum and 
55 performs a phase compensation operation to a generate a phase-compensated output; and 

a frequency offset estimation calculator (31 , 33) coupled to said analytic tone-phase compensation device and 
receiving said phase-compensated output and calculates said frequency offset estimation. 
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10. The system of claim 9, said frequency offset estimation calculator comprising: 

a first calculator (31 ) that perfomns a first operation to generate a first calculated output; and 

5 a second calculator (33) that receives said first calculated output and generates said frequency offset estima- 

tion. 

11 . The system of claim 1 0, wherein said first operation comprises calculating 

10 

15 and said frequency offset estimation comprises multiplying said first calculated output by N/2na, wherein N is a 

number of total subcarriers and a is a number of samples. 

12. The system of any preceding claim, further comprising a switch (9) that outputs said frequency offset estimation 
in accordance with said timing offset estimation. 

20 

13. The system of any preceding claim, wherein an estimation range of said system can be extended by adjusting a 
correlation interval between samples. 

14. The system of any preceding claim, wherein said analytic tone has at least one of a uniform magnitude and a 
25 uniform phase rotation, and no coarse synchronization is required. 

15. The system of any preceding claim, wherein said frequency offset estimation is less than or equal to (N/2a), wherein 
N represents a number of subcarriers and a represents a number of samples. 

30 16. The system of claim 15, wherein a maximum estimation range of the estimation is determined in accordance with 
said number of samples. 

17. The system of claim 1 6, wherein said maximum estimation range Is ±32 subcarrier spacing when N has a value 
equal to 1 . 

35 

18. A system for estimating frequency offset in an orthogonal frequency-division multiplexing (OFDM) system, com- 
prising: 

a sliding window correlation summing device (3) that receives an input and generates a sliding window cor- 
40 relation sum in accordance with a symbol; 

a frequency offset estimator (5) coupled to said sliding window correlation summing device (3) and receiving 
said sliding window correlation sum and calculates a frequency offset estimation in accordance with a timing 
offset estimation, said frequency offset estimator comprising, 

45 

an analytic tone-phase compensation device (5) that receives said sliding window correlation sum and per- 
forms a phase compensation operation to a generate a phase-compensated output, and 

a frequency offset estimation calculator (5) that receives that said phase-compensation output and calculates 
50 said frequency offset estimation, wherein an analytic tone is used in a correlation function; and 

a timing offset estimator (7) that receives said input signal and generates said timing offset estimation inde- 
pendent of said frequency offset estimation, wherein an estimation range can be extended by adjusting a 
correlation interval between samples, said analytic tone has at least one of a uniform magnitude and a uniform 
55 phase rotation, and no coarse synchronization is required. 

19. A system for estimating frequency offset in an orthogonal frequency-division multiplexing (OFDM) system, com- 
prising: 
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a sliding window congelation sumnning device (3) that receives an input and generates a sliding window cor- 
relation sunn in accordance with a reference symbol; and 

a frequency offset estimator (5) that is coupled to said sliding window correlation sunnming device (3) and 
receives said sliding window correlation sunn to calculate a frequency offset estimation, wherein an analytic 
tone is used in a correlation function. 

20. The system of claim 1 9, further comprising a timing offset estimator (7) that receives said input and generates said 
timing offset estimation independent of said frequency offset estimation, comprising: 

a first delayer (15) that delays said input in accordance with a first interval and a second interval to generate 
a first delayed output; 

a second delayer (1 7) coupled to said first delayer and delaying said first delayed output in accordance with 
said first interval to generate a second delayed output; 

a conjugator (1 9) coupled to said second delayer and performing a calculation on said second delayed output 
to generate a conjugated output; 

a mixer (20) coupled to said conjugator and said first delayer and adding said conjugated output and said first 
delayed output to generate a sum; 

a timing offset calculator (21) coupled to said mixer and calculating a plurality of timing offset estimations In 
response to said sum; and 

a maximum value detector (23, 25) coupled to said timing offset calculator and selecting a maximum value 
from said plurality of timing offset estimators to output said timing offset estimation. 

21. A method for frequency offset estimation, comprising the steps of: 

(a) detecting an analytic tone located on only one subcarrler of a reference symbol of an input signal; 

(b) generating a sliding window correlation sum in accordance with said analytic tone; and 

(c) calculating a frequency offset estimation of said sliding window correlation sum. 

22. The method of claim 21 , wherein a further step of generating said timing offset estimation independently of said 
frequency offset estimation comprises: 

(a) delaying said input signal in accordance with a first interval and a second interval to generate a first delayed 
output; 

(b) delaying said first delayed output In accordance with said first Interval to generate a second delayed output; 

(c) performing an operation on said second delayed output to generate a conjugated output; 

(d) mixing said conjugated output and said first delayed output to generate a mixed output; 

(e) producing a plurality of timing offset estimations for a corresponding plurality of samples in response to 
said mixed output; and 

(f) detecting a maximum value of said plurality of timing offset calculations to output said timing offset estima- 
tion. 

23. The method of claim 22, further comprising: 

(a) generating said first interval as a timing estimation interval; and 
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(b) generating said second interval as a frequency offset estimation Interval. 

24. The method of claim 22, said producing step comprising producing said plurality of timing offset estimations for 
(N+G-a1 ) samples, wherein N represents a total number of subcarriers, G represents a guard interval length, and 
a1 represents a timing offset estimation interval. 

25. The method of claim 22, wherein said detecting step comprises selecting a maximum value for the samples for 
which said producing step comprises performing an operation comprising 



on each of said samples. 

26. The method of claim 25, said step (b) comprising: 

delaying said input signal in accordance with a frequency offset interval to generate a first delayed output; 
performing an operation on said first delayed output to generate a conjugated output; and 
mixing said conjugated output and said input signal to generate a mixed output. 

27. The method of claim 26, comprising generating (N-a2) samples in a moving sum in accordance with said mixed 
output, wherein N represents a total number of subcarriers and a2 represents a frequency offset estimation Interval. 

28. The method of claim 21 , said calculating step comprising: 

performing a phase compensation operation on said sliding window correlation sum to generate a phase- 
compensated output; and 

receiving said phase-compensated output and calculating said frequency offset estimation. 

29. The method of claim 21 , said calculating step comprising: 

performing an operation to generate a calculated output; and 

receiving said calculated output and generating said frequency offset estimation. 

30. The method of claim 29, wherein perfonning said operation comprises calculating 



and estimating said frequency offset comprises multiplying said first calculated output by N/2na, wherein N is a 
number of total subcarriers and a is a number of samples. 

31. The method of claim 21 , further comprising extending an estimation range by adjusting a correlation interval be- 
tween samples. 

32. The method of claim 21 , wherein said analytic tone is generated to have at least one of a uniform magnitude and 
a uniform phase rotation. 

33. The method of claim 21 , wherein said frequency offset estimation is less than or equal to (N/2a), wherein N rep- 
resents a number of subcarriers and a represents a number of samples. 



N+G-a-l 
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34. The method of claim 21 , further comprising changing a maximum estimation range of the estimation in accordance 
with said number of samples. 

35. The method of claim 34, wherein said maximum estimation range Is ±32 subcarrier spacing when N equals a value 
of 1. 

36. A method for frequency offset estimation, comprising the steps of: 

(a) detecting an analytic tone located on only one subcarrier of a reference symbol of an input signal; 

(b) generating a sliding window correlation sum In accordance with said analytic tone, said step (b) comprising, 

delaying said input in accordance with a frequency offset Interval to generate a first delayed output, 
performing an operation on said first delayed output to generate a conjugated output, and 
mixing said conjugated output and said input signal to generate a mixed output; and 

(c) calculating a frequency offset estimation of said sliding window correlation sum in accordance with a timing 
offset estimation, said calculating step comprising, 

(a) perfonning a phase compensation operation on said sliding window correlation sum to generate a phase- 
compensated output, 

(b) performing a first mathematical operation to generate a first calculated output, and 

(c) receiving said first calculated output and generating said frequency offset estimation; and 

(d) extending an estimation range by adjusting a correlation interval between samples, wherein a correlation 
interval is adjusted such that no coarse tuning is required. 

37. The method of claim 36, wherein a further step of generating said timing offset estimation independently of said 
frequency offset estimation comprises 

(a) delaying said input signal in accordance with a timing estimation interval and a frequency offset estimation 
interval to generate a first delayed output; 

(b) delaying said first delayed output in accordance with said timing estimation Interval to generate a second 
delayed output; 

(c) performing a calculation on said second delayed output to generate a conjugated output; 
d) adding said conjugated output and said first delayed output to generate a sum; 

(e) calculating a plurality of timing offset estimations on a corresponding plurality of samples in a timing offset 
calculator and in response to said sum; and 

(f) detecting a maximum value of said plurality of timing offset calculations from said timing offset calculator 
to output said timing offset estimation, wherein said detecting step comprises selecting a maximum value for 
the samples for which said calculating step comprises performing a mathematical operation comprising 



on each of said samples, and said frequency offset estimator is output In accordance with said timing offset 
estimation. 
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38. The method of claim 37, wherein performing said operation comprises calculating 



and estimating said frequency offset comprises multiplying said first calculated output by N/2na, wherein N is a 
number of total subcarriers and a Is a number of samples. 

10 39. The method of claim 36, wherein said analytic tone is generated to have at least one of a uniform magnitude and 
a uniform phase rotation. 

40. A method for frequency offset estimation, comprising the steps of: 

15 (a) detecting an analytic tone of an input signal wherein said analytic tone has at least one of a uniform mag- 

nitude and a uniform phase rotation; 

(b) generating a sliding window correlation sum In accordance with said analytic tone; and 
20 (c) calculating a frequency offset estimation of said sliding window correlation. 
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FIG.2 
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FIG.5A 
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FIG.5B 
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FIG.6B 
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FIG.6C 
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